Motivation
The past decade has seen tremendous advances in our theoretical and computational understanding of how galaxies form and evolve over cosmic time. To a large extent, these breakthroughs have resulted from dedicated efforts to observe large samples of galaxies across the electromagnetic spectrum via wide-field surveys. On the theoretical front, improvements in computing infrastructure and numerical methods have enabled extraordinary progress in simulating galaxy evolution in cosmological volumes. These efforts have culminated in recent magneto-hydrodynamical simulations in boxes that span hundreds of Mpc, which reproduce many multi-wavelength properties of galaxies, particularly their stellar populations (e.g., 1).
The next major goal for theoretical and computational galaxy formation is understanding the physical processes and thermodynamic properties that govern the ionized baryons in galaxies and clusters. The vast majority of baryons in these systems are not contained in stars, but rather in the circumgalactic medium (CGM) and the intracluster medium (ICM). 1 The CGM and ICM are the baryonic reservoirs that govern the evolution of galaxies and clusters, the luminous peaks in the large-scale structure of the Universe. Encoded in their thermodynamic properties are the effects of assembly history and feedback processes that shape galaxy and cluster formation. In particular, it is now clear that a precise understanding of the energetics of feedback in the CGM and ICM is required to narrow down the space of structure formation models (e.g., 2; 3).
Multiple feedback processes affect the CGM and ICM. The current standard view is that in galaxies with masses close to or below that of the Milky Way, feedback processes due to stellar winds and supernovae (hereafter referred to as stellar feedback) are most important (e.g., 4). For more massive galaxies, and in groups and clusters, it is thought that feedback from active galactic nuclei (AGN) is the dominant mechanism that regulates star formation. However, since clusters form hierarchically, it is likely that stellar feedback processes were important at earlier times and played a critical role in shaping the thermodynamic properties of the progenitor halos that later merged to form these massive systems. Probing the thermodynamic properties of the CGM and ICM across wide ranges in mass and radial scale, and especially out to higher redshifts near the peak of cosmic star formation, will provide critical information on feedback mechanisms.
Large cosmological simulations that include baryons provide a partially predictive model for galaxy formation, tracking the evolution of gas and stars inside and outside of galaxies. These simulations are now able to reproduce the optical properties of galaxies measured by the Hubble Space Telescope and ground-based optical surveys, such as the luminosity function, the stellar mass function, and the fractions of red and blue galaxies (e.g., 5; 6; 7; 8). However, these simulations do not resolve the scales necessary to perform ab initio calculations of critical physical processes in galaxy evolution, such as star formation, supernova explosions, or accretion onto black holes. Instead, they include physically motivated sub-grid modeling schemes that attempt to capture the key features of the underlying mechanisms. As these sub-grid models are not tuned to reproduce CGM and ICM observations as a function of mass and redshift, they make meaningful predictions, which differ substantially between models (3). New, high signal-to-noise (S/N) measurements of the CGM and ICM will directly test these sub-grid feedback models and/or inform phenomenological semi-analytic prescrip-tions (e.g., 9). Amongst the broad range of astrophysical implications, these measurements will calibrate the importance of stellar versus AGN feedback at different masses and redshifts, the roles of ejective versus preventative feedback, and the importance of radiatively inefficient (jet mode) versus radiatively efficient (i.e., radiation and winds) feedback.
New Tools from Old Photons
As CMB photons propagate through the Universe, they are scattered by free electrons in the ICM and CGM, resulting in secondary temperature fluctuations that dominate the anisotropy on arcminute scales (10; 11). These secondary anisotropies, known as the SunyaevZel'dovich effects (10; 11; 12) , contain a wealth of information about the abundance and thermodynamic history of baryons across cosmic time, as well as the growth of structure. The thermal SZ (tSZ) effect is the inverse-Compton scattering of CMB photons off hot electrons, which results in a unique CMB spectral distortion. The tSZ signal is proportional to the integrated electron pressure along the line-of-sight. The kinematic SZ (kSZ) effect is the Doppler shift of CMB photons that Thomson-scatter off free electrons with a non-zero peculiar velocity with respect to the CMB rest frame. To lowest order, the kSZ effect preserves the CMB blackbody spectrum, producing a CMB temperature shift proportional to the peculiar momentum of the electrons along the line-of-sight. Both the tSZ and kSZ signals contain information about the thermodynamic properties of free electrons in the CGM and ICM. In particular, the kSZ signal directly traces the distribution of baryons in the CGM, which have generally eluded detection ("missing baryons") (e.g., 13).
Through cross-correlations of the CMB with galaxy samples, the tSZ signal has been detected down to nearly Milky Way-sized galaxies, with stellar masses of M * ≈ 10 11 M (14; 15) (see Fig. 1 , right panel). Such measurements have probed the average total thermal energy (integrated Compton-y) of the galaxy sample within a particular radial aperture (e.g., 5r 500 for the Planck-based measurements). Similar to X-ray luminosity scaling relations, the integrated Compton-y is sensitive to the thermal history of the galaxies and has been used to place constraints on feedback processes that inject additional energy into these halos (16; 17) .
The kSZ signal was first detected in 2012 (18) . Multiple detections have since followed, applying various estimators to CMB and galaxy data sets (e.g., 19; 20; 21; 22; 23) (e.g., Fig. 1 , left panel), as well as detections from individual galaxy clusters (24; 25) . While the highest significance to date is ≈ 4σ, forecasts for experiments like the Advanced Atacama Cosmology Telescope (AdvACT, 26), South Pole Telescope-3G (SPT-3G, 27), Simons Observatory (SO, 28), and CMB Stage-4 (CMB-S4, 29) promise S/N improvements of 10-100 (30; 31). The next step is to measure the radial profiles of the tSZ and kSZ signals at high S/N as the shapes of the thermodynamic profiles (gas density, pressure, and temperature) are sensitive to the underlying physical processes that govern the CGM and ICM (e.g., 36; 37; 38; 39) . It has already been demonstrated that combining measurements of thermodynamic profiles from kSZ and tSZ observations places tight constraints on baryonic processes like feedback and non-thermal pressure support in the CGM and ICM (e.g., 31). Future stacked SZ observations have the potential to probe gas out to the virial radii of halos down to Milky Way masses (M 200 10 12 M ) throughout the epochs of galaxy and cluster formation (see Fig. 2 , left panel); Stage-3 and Stage-4 CMB experiments are required to realize this goal. It should be possible to measure the "splashback" (e.g., 40) feature in SZ data and constrain internal CGM kinematics (e.g., rotation or turbulence) using high-resolution kSZ data. "cumulative density profile" Figure 1 : Left: Measured kSZ signal from BOSS CMASS galaxies in ACTPol CMB maps (20) . The data points show a proxy for the cumulative gas mass fraction as a function of cluster-centric radius (in arcmin, or comoving Mpc/h at z = 0.57). A model where gas follows dark matter (NFW, orange curve) is less favored than predictions from hydrodynamic simulations that include feedback (blue curve, 32). Right: Stacked tSZ signal of "locally brightest galaxies" (extracted from SDSS) as a function of their stellar mass, measured from Planck data (15) (see also 14) . The results are consistent with self-similar expectations (dashed curves), but this is a consequence of the coarse resolution of Planck (33; 15; 34; 35); upcoming high-resolution data will probe the inner regions of these halos, where feedback is expected to produce deviations from self-similarity.
On larger scales ( few Mpc), the tSZ and kSZ signals receive additional contributions from correlated galaxies or clusters, often referred to as the "two-halo" contribution. These contributions contain information on the average thermodynamic properties of the intergalactic medium (IGM). The distribution and thermodynamic properties of the IGM at large halo-centric radii (e.g., "missing baryons" 13) remain open questions. The tSZ twohalo term has been measured and shown to be important in halos of mass 10 13 M (34; 35). Additionally, the tSZ signal of filaments has recently been measured, opening up another opportunity to probe the IGM between galaxy pairs (41; 42). For the kSZ signal, the two-halo contributions are expected to come from halos within 50 Mpc, which is roughly the correlation length for the linear velocity field. The "projected-field" kSZ estimator (43; 21; 30), which allows for larger samples of photometrically selected galaxies to be used, probes the two-halo regime and has placed limits on the abundance of baryons in the IGM at the 4σ level. The next decade will yield order-of-magnitude gains in S/N using this approach, by combining ground-based CMB experiments with large-area optical surveys (30) .
The tSZ and kSZ surface brightness is redshift-independent. Thus, the same SZ observations that are used to measure the thermodynamic properties of galaxies at low redshift can be and have been made using samples of high-redshift objects (e.g., quasars), which are very difficult to probe otherwise. For quasar samples, the tSZ signal has been measured at ≈ 4σ (44; 45; 46; 47); it has been argued that these observations provide evidence for non-gravitational heating (i.e., feedback) in the gas in these systems. As larger high-redshift samples become available from LSST and DESI, and as CMB data improve in sensitivity (from the ground and from space, e.g., PICO 48), we expect a large increase in S/N and an order-of magnitude-improvement over our current understanding of feedback efficiency and the thermodynamic properties of these halos over a wide range of redshift (e.g., 31). These gains are driven by the dramatic improvement in sensitivity of ongoing and up-coming CMB experiments, including multi-frequency coverage; the pioneering SZ data of Planck represent only the beginning of an exciting scientific journey.
3 Synergies Across the Electromagnetic Spectrum X-rays: For galaxy clusters at low to moderate redshift, high-resolution X-ray observations from the Chandra and XMM-Newton satellites have revealed the complex interplay between thermodynamic and chemical properties of the ICM and the AGN of the central cluster galaxy out to the virial radius (e.g., 49). Further improvements are imminent with the launch of eROSITA, followed by the future X-ray satellites Athena and Lynx in the 2030s, which will probe the thermodynamic state and chemical composition of the CGM with high-resolution to a large fraction of the virial radius, for systems out to z 1.5. Like the SZ observations described above, these measurements will probe the effects of assembly history and feedback that shape galaxy formation. Such observations will be independent and complementary to those from the millimeter band with respect to radial range, halo mass, redshift coverage, and other properties (e.g., mass-weighted vs. emission-weighted temperature). Absorption Line Studies: Targeted spectroscopic campaigns using background galaxies and quasars that intersect foreground galaxy halos are another technique used to assess the CGM through absorption-line analysis along these lines-of-sight (e.g., 50; 51; 52). These measurements have shown that a substantial amount of cool, photoionized gas exists in the CGM for a variety of galaxies with different masses and star-formation histories. The abundance of this cool gas, not observable in X-rays or tSZ, can be inferred via detailed theoretical modeling, including assumptions that the CGM is in local thermal equilibrium with the extragalactic ultraviolet background. Future sample sizes for these analyses will grow in the next decade, helping to overcome a limiting factor for inferring average CGM properties. These studies are highly complementary in halo mass and redshift range to the tSZ and kSZ probes, and measure a physically distinct gas phase. Also, the tSZ and kSZ signals directly measure the electron pressure and density, rather than tracer ion populations, and thus are not affected by uncertainties in the metallicity and ionization state. Fast Radio Bursts: Fast radio bursts (FRBs) probe the line-of-sight density of free electrons via frequency-dependent delays induced in the FRB signal, known as the "dispersion measure" (DM). It has been shown theoretically that the cross-correlation of FRB DMs with galaxy surveys can constrain the baryon distribution in halos (e.g., 53; 54; 55; 56; 57; 58) . Similar to kSZ observations, the electron profiles inferred from FRB DMs are unbiased. The reality of using FRB DMs to make such measurements is not currently viable as this requires three to four orders of magnitude more FRB detections than the 3 currently available (with localization and redshift information). Dedicated radio-wave survey experiments coming online with factors of a few increase in size, such as CHIME (59), HIRAX (60), or DSA-110, could feasibly push the number of FRB detections to ≈ 10 6 events in the next decade.
Outlook for the Next Decade
We are poised to make great strides in understanding the physical processes that govern galaxy formation through multi-wavelength observations of the CGM and ICM across broad spatial, mass, and redshift ranges (see Fig. 2 ). Amongst these probes, high-fidelity, highresolution tSZ and kSZ observations are powerful, newly emergent tools. Figure 2: Left: Illustration of (approximate) mass and redshift ranges that tSZ/kSZ (red), X-ray (gray), FRB (green), and absorption line (blue) probes of the CGM and ICM will cover over the next decade. We focus on properties near r 200 here, but most probes will also yield radial information. The sensitivities assume the existence of large halo catalogs, as will be extracted from LSST data (and via tSZ out to high redshifts). Right: Forecast S/N for the next decade of kSZ measurements using the "projected-field" estimator (21; 30).
These new tSZ and kSZ measurements encode information on the effects of assembly history and feedback processes that shape galaxy and cluster formation. In particular, they will provide critical information on the nature of feedback mechanisms in the CGM and ICM, which is required to narrow down the space of structure formation models. They will directly test the sub-grid feedback models used in state-of-the-art cosmological hydrodynamic simulations and inform phenomenological semi-analytic prescriptions for galaxy formation, which both reproduce the optical properties of galaxies as currently measured.
Moreover, these measurements will play a crucial role in pinning down a major source of theoretical uncertainty for upcoming cosmological weak lensing surveys, namely, baryonic effects on the small-scale matter power spectrum (e.g., 61). Upcoming cosmological surveys, including LSST, will use measurements of weak lensing (e.g., 62) into the mildly non-linear regime, where there is ambiguity between the impact of cosmological parameters and physical processes that govern baryons in galaxies and clusters. Understanding these systematic effects from galaxy formation, and disentangling them from cosmological signals, is a major challenge, in which tSZ and kSZ observations are poised to play a key role.
These new tools are enabled by arcminute-resolution, Stage-3 CMB experiments on the sky now (AdvACT and SPT-3G 26; 27), as well as new telescopes coming online at the start of the decade (SO and CCAT-prime 63; 28; 64), CMB-S4 (29) starting in the middle of the decade, and a possible Probe-class space mission starting late in the decade, e.g., PICO (48) . In addition, there are prospects for tSZ and kSZ measurements with even higher angular resolution using 30m-scale telescopes like AtLAST(65; 66), LST(67), or CSST(68; 69), and in smaller fields-of-view with NIKA2(70) and ALMA (71; 72) . Vast cosmological and astrophysical information will be obtained from these transformative measurements. We recommend broad support for the range of experimental, observational, and theoretical work in this area in the coming decade.
